(Ba 1Àx Sm x )(Ti 1Àx Cr x )O 3 (BSTC) and (Ba 1Àx Sm x )(Ti 1À(xÀ0.01) Cr xÀ0.01 )O 3 (BSTC1) ceramics with a single-phase perovskite structure were prepared using a traditional solid state based method. The structure, microstructure, site occupations, valence states of Cr, photoluminescence, and dielectric properties of these ceramics were investigated using XRD, SEM, EDXS, RS, EPR, XPS, and dielectric measurements. All ceramics exhibit a fine-grained microstructure (0.7 mm). 
Introduction
Barium titanate (BaTiO 3 ) ceramics represent a materials system of fundamental importance for a wide range of technical applications in the eld of ceramic capacitors, ferroelectric sensors, optoelectronic devices, actuators, and so on. [1] [2] [3] [4] During the past few decades, 3d transition metal elements with variable valence as effective acceptor dopants of BaTiO 3 ceramics have been mainly applied in ceramic capacitors. [4] [5] [6] [7] [8] The hexagonal phase can be stabilized at room temperature by doping 3d transition metal acceptors 4, 5 and may be attributed to JahnTeller distortion (such as Cr Ti 4+ (d 2 ) or Cr Ti 5+ (d  1 ) ). In addition, most of these reported BaTiO 3 -based ceramics using doping 3d transition metal elements have one signicant drawback: during sintering at high temperature oxygen vacancies ðV O Þ and conduction electrons are easily created, 6 leading to leakage conductance and making the dielectric material into a semiconductor.
The smaller rare-earth ions (e.g. La (1.36Å), Nd (1.27Å) and Sm (1.24Å)) compared with Ba 2+ (1.61Å) were found to be effective in improving dielectric permittivity and suppressing the hexagonal phase, and forming a single-phase BaTiO 3 14 then it is expected that the charge compensation is maintained internally without requiring the creation of defects. These double substitutions BaTiO 3 -based composites have many advantages over the single substitution in inhibiting grain growth, superior long-term reliability, and high-k Y5V dielectric behavior (note: Electronic Industries Alliance (EIA) code, Y5V specication:
RT # þ 22% in a temperature range of À30 to 85 C).
In this work, (Ba 1Àx Sm x )(Ti 1Àx Cr x )O 3 (BSTC) and (Ba 1Àx Sm x )(Ti 1À(xÀ0.01) Cr xÀ0.01 )O 3 (BSTC1) ceramics were prepared using a traditional solid state based method. Sm and Cr are used as co-dopants in BaTiO 3 based on the following: (1) Sm ions acting as a donor, predominantly dissolves in Ba 2+ sites and induces a common feature of high-k rst phase transition (FPT) behavior; [14] [15] [16] [17] [18] [19] [20] [21] [22] 
Characterization
Structural characterization of ceramics was performed by powder X-ray diffraction (XRD) using a DX-2700 X-ray diffractometer (Dandong Haoyuan). Lattice parameters were calculated by MS Modeling (Accelrys) using the Reex Package and Cu Ka 1 radiation (l ¼ 1.540562Å). The microstructure was observed using an EVOMA 10 scanning electric microscope (SEM, Zeiss) operated at 15 kV. All ceramics were polished by coarse grinding using diamond grinding plate and ne grinding using diamond paste (grain size: 0.25 mm). The thermal etching at 1400 C for 12 min was then performed with a heating rate of 6 Cmin À1 and natural cooling. Finally, the conducting Au atoms were sputtered on the specimen surface for SEM observations. To observe the potential secondary phases, SEM investigations in BSE (backscattered electron) mode were performed. An Aztec 2.3 energy-dispersive X-ray spectrometer (EDXS) (Oxford Instruments) was attached to the SEM for compositional analyses. The 532 and 638 nm laser was used for excitation in obtaining the Raman spectra (RS) of the ceramics and photoluminescence (PL) of Sm 3+ using a LabRAM XploRA Raman spectrometer (Horiba Jobin Yvon). Electron paramagnetic resonance (EPR) spectra were measured at room temperature using an A300 electron-spin resonance spectrometer system (Bruker BioSpin GMBH, Germany) at an X-band frequency of 9.86 GHz. The EPR cavity of the spectrometer was changed with an ER 4102ST cavity for temperature-dependent EPR measurements at À183
C with an X-band frequency of 9.44 GHz. The gyromagnetic factor (g) was calculated by the relationship hn 0 ¼ gbH, where h is the Planck constant (h ¼ 6.626 Â 10 À34 J s), n 0 is the microwave frequency,
, H is the magnetic eld strength. X-ray photoelectron spectra (XPS) measurements were performed at room temperature using an ESCALAB 250 X-ray photoelectron spectrometer (Thermo Electron). The XPS data raw were processed by smoothing multiply times and the background type of shirley was used for XPS tting.
The temperature dependences of the dielectric permittivity and the dielectric loss were measured at 1 kHz from À75 to 200 C at a heating rate of 2 C min À1 using a Concept 41
Dielectric/Impedance Spectrometer (Novocontrol) with an applied voltage of 1 V (AC). To meet test conditions and give nice pellet surfaces, these ceramics were polished to 0.8 mm thickness by coarse grinding and ne grinding using 1200# and 2000# diamond grinding plate, respectively. The drying was then performed at 500 C for 120 min and natural cooling.
Finally, the surfaces of the polished ceramic disks were sputtered with thin Au atoms and silver paste (5 mm Â 5 mm) to form the contact electrodes for the dielectric measurements.
Results and discussion

X-ray diffraction analysis
Powder XRD patterns for BSTC and BSTC1 ceramics are shown in Fig So, on the basis of a simple ionic size comparison, the XRD results draw two conclusions: (1) Sm ions (1.24Å) predominant occupied the Ba 2+ sites; and (2) the intermediate ionic size rareearth ions Sm inevitably occupy the other site no matter which site is designed especially that the reduction in Cr concentration by 1% compared to Sm for BSTC1 ceramics, and Sm
3+
(0.958Å) doping at Ti 4+ sites has a larger ionic radius, which is the direct reason for the contraction in V 0 for BSTC with x ¼ 0.02 and 0.05 relative to BSTC1 (Fig. 2(b) ).
Microstructure
SEM images of these ceramics are shown in Fig. 3 . Because of the amounts of these impurity phases may be too small to be detected by XRD, BSE image of BSTC with x ¼ 0.05 was also performed to detect these potential impurity phases (Fig. 3) . No abnormal region was observed. The result indicated that no core-shell grains and impurity phases were observed for BSTC and BSTC1 ceramics. All sintered ceramic samples except BSTC with x ¼ 0.01 (a bimodal microstructure consisting of coarse grains (>2.5 mm) and ne grains ($1.0 mm)) were found to exhibit a uniform grain size ($0.7 mm), independent of x, especially the specimen BSTC1 with x ¼ 0.05 exhibited homogeneous and dense-grained microstructure. The SEM data indicated Sm and Cr had an effect on the primary particle size. 
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This can be explained that lattice distortion caused by the generation of Sm
Ti defect complexes will consume some energy, this hindered the grain boundary migration and prevented the grain growth. performed to detect the actual ratio of Sm to Cr (Fig. 4) . The data collected for two samples are showed in Fig. 4 and (Fig. 5) [B 1 + E(TO + LO)] is considered as the signature of the tetragonal phase at room temperature, and the intensity gradually weakens with increasing x, indicating a decrease in tetragonality, which corresponds with XRD results (Fig. 2 inset) . In addition, although the XRD technique is a relatively rough method to determine the impurity phases, supposing that no impurity phases is present because the XRD, SEM, BSE and Raman scattering techniques did not detect any impurity phases. The Raman charge effect at $840 cm À1 (Fig. 5 ) 8, 23, 35 is the Raman evidence for aliovalent substitution in BaTiO 3 . The band at $1000 cm À1 (Fig. 6 ) which attributed to photoluminescence (PL) properties in Sm 3+ -doped BaTiO 3 ceramics cannot be observed using 638 nm sources, which may be attributed to the inability of the 638 nm lasers to excite the Sm 3+ ions, similar to our previous reports. 19 Moreover, the reduction in Cr concentration by 1% for BSTC1 (x ¼ 0.02) compared to BSTC (x ¼ 0.02) induced strong PL properties (Fig. 5) .
The Raman spectra in high-wavelength in BSTC and BSTC1 with x ¼ 0.02 and 0.05 are shown in Fig. 7 (Fig. 7) , whereas the 595 and was observed and marked with an asterisk (Fig. 7) , which may be attributed that Sm 3+ ions is substitution on Ti 4+ sites in BSTC1 specimens.
EPR and XPS associated with valence states of Cr and Ti ions
Room temperature EPR spectra of BSTC and BSTC1 ceramics are shown in Fig. 9 . A stronger signal at g ¼ $ (4) the EPR spectra at À183 C (Fig. 10) did not show any signs of Cr 5+ because of the X-band powder spectra of Cr 5+ (3d 1 ) in BaTiO 3 at a low temperature of 50 K (À223 C) was reported to evolve into three intense peaks corresponding to a g tensor over a range of 1.94 to 1.99.
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XPS is a powerful probe for the determination of both valence band and core levels. Fig. 11 shows the XPS spectra of Cr 2p and Ti 2p for BSTC with x ¼ 0.05. The spectrum line of Cr 2p shows splitting to two peaks of Cr 2p 3/2 and Cr 2p 1 ), three valence states of Cr can together exist in the compounds of BSTC and BSTC1. The two prominent Ti 2p peaks originated from Ti 2p 1/2 at 463.8 eV and Ti 2p 3/2 at 457.9 eV (Fig. 11(b) (Fig. 4) and the V 0 of BSTC is lower than that of BSTC1 (Fig. 2) Ti to reduce lattice distortion and maintain the charge neutrality of the material, based on the following three points: (1) the V 0 -x curve of BSTC is lower than that of BSTC1 (Fig. 2) 
Dielectric properties
All BSTC and BSTC1 ceramics are electrical insulators at room temperature. Fig. 12 shows the temperature dependence of dielectric properties of BSTC and BSTC1 ceramics measured at 1 kHz over the temperature range from À75 C to 200 C. The corresponding dielectric data are given in Table 2 . The dielectric-peak temperature (T m ) decreased linearly at a rate of À26.3 and À24.3 C/at% (Sm/Cr) for BSTC and BSTC1, respectively ( Fig. 12 inset) , which is consistent with the continuous incorporation of Sm/Cr into the BaTiO 3 lattice. The reason based on the following two evidences: (1) the substitution of Ba 2+ ions by Sm ions, resulting in Ba 2+ sites deciency to maintain charge neutrality; and (2) the internal compressive stress increases as grain size reduces. 3, 45 In addition, internal stresses were induced in grains, leading to a broadening of phase transition in BSTC with the increase of x.
3 The dielectric constant (3 0 ) of BSTC and BSTC1 ceramics at low doping levels were higher than BaTiO 3 ceramics, which was also related to the dominant effect of the ne-grained on dielectric properties.
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For BSTC, two different peaks are observed for different compositions in BSTC with x ¼ 0.01 and 0.02. The rst peak on the side of higher temperatures is approximately 106 and 77.7 C, and the second peak is located at 4 C. The dielectric peak becomes broaden and the maximum permittivity ð3 0 m Þ gradually decreases with x, and it decreases from 7612 at x ¼ 0.01 to 3020 at x ¼ 0.05. The dielectric loss (tan d < 0.03) for BSTC below 100 C was lower at low doping levels of x # 0.03.
However, tan d at x ¼ 0.04 and 0.05 was higher, but the reduction of the Cr concentration in BSTC1 compared to BSTC could greatly lower the dielectric loss, such as tan d at x ¼ 0.05 was lowered from 0.1 for BSTC to 0.012 for BSTC1 (Table 2 ), possible RT is the room-temperature permittivity, and tan d is the room-temperature dielectric loss. structure are tetragonal for x # 0.03 and pseudo-cubic for x $ 0.04. Sm and Cr co-doped BaTiO 3 can greatly inhibit the grain growth and form a ne-grained (0.7 mm) but an inhomogeneous dopant concentration distribution (EDXS). Four emission peaks attributed to 4 
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